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I, INTRODUCTION

A cal;ulational method for treating the ihdividual collisions of
high-energy (> 3 GeV) nucleons and charged pions with protons haé been
adapted to the high-energy nucleon-meson transport code HETC.! This
method provides detailed information on both elastic and nonelastic
nucleoﬁ- and charged—pion—proton collisions.

Previously, high-energy distributions were estimated in HETC using
a nucleon- and pion-nucleon scaling model? that related the collision
data at 3 GeV to higher energies. This method, however, was not entirely
successful in predicting the high-energy particle distributions. The
method of calculation and the procedures described here have now been
incorporated into HETC, and the accuracy of the code has been increased.

The determination of nucleon-proton and pion-proton cross sections
and methods for obtaining différential cross sections are presented in
the sections to follow. A brief discussion and a flow diagram of the
procedure for calculating the nonelastic differential cross section are

also given.

II. ANALYTICAL METHODS

A. Nucleon-Proton and Pion-Proton Total, Elastic, and Nonelastic
Cross Sections

The nucleon-proton and charged-pion-proton interaction cross sections
for nucleon and pioﬁ energies > 3 GeV were obtéined from the compilations
of Barashenkov? and Bertini et al.*’5 Inclusion of these data into the
calculational method was acéomﬁlished using parametric fitting techniques
to obtain énalytic functions. These fﬁnctions represent reasonable esti-

mates of the cross sections with regard to experimental data even though



an error analysis, such as a least-squares fit, has not been made. The
total, elastic, a;d nonelastic cross sections for p + p, n + p, w+ + p,
and = + p collisions are summarized in Figs. 1-4. The bold lines were
obtained using the equations discussed below and the data points were
taken from da;a reported in refs. 3 and 4, \

In the following equatjons the units for the cross sections o are

millibarns and those for the energy E are GeV. For all interactiomns,

the nonelastic cross section is obtained from the difference between the

total and elastic cross sections; i.e., Oonel - Op = oel'
p - p collisions
op = 37.5 + 7,08 0% E > 3.5 GeV
o , = 7.0 + 21,038 0573 E > 3.5 GeV
n - p collisions
(42.0 3.5 < E < 8 GeV
GT =« .
37.5 + 26,456~ 0:832 \E > 8 GeV
(- 0.222E + 12.48 3.5 < E < 8 GeV
g = | .
el - 1.32 |
6.0 + 73.144E E > 8 GeV
ﬂ+ - p collisions
(- 4.66E + 42.95 2.5 < E < 3 GeV
6p = (= 0.757E + 31.24 3 <E< 6 GevV
21,5 + 18.91£ 0-716 E> 6 GeV
(- 1.40E + 10.0 2.5 < E < 3 GeV
0, = {- 0.166E + 6.298 | 3<E< 6 GeV
3.5 + 9,938 2-9°3 E > 6 GeV
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T = p collisions

e [~ 1.66E + 37.34 2.5<E<5 GeV
o, = |
T 23.60 + 25.51E 0.959 £, 5 gev
Oy = 3.8+ 7.273E 0.8 22,5 gev

B. Elastic Nucleon-Proton and Pion-Proton Differential Scattering
Cross Sections

The analytic functions for describing the elastic differential cross
sections were obtained from paramétric fits to experimental data.® The"
fitting equations for describing the elastic differential scattering
cross sections for nucleon and pion energies = 3 GeV were obtained from

the 4-momenta relation

%% = exp(A + Bt), 1)

where t is related to the center-of-mass scattering angle by
cos 0 =1 - l&l
c.m, K2

where ‘

, Mt - 242 (m? + md) + (@] - m3)?
K =

1

4M2

In this equation, M is the total energy in the center-of-mass sytem and
m; and m, are the masses of the particles undergoing the elastic collision.

In fitting the parametric equations to the experimental elastic differ-
ential cross sections, the following values for B in units of (GeV/c)™2 were
used for the indicated reactions

| 7.26 + 0.0313p (gi +p

‘B = {7.575 T +p , . (2)

7.040 7+ p
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where Po is the ingident particle momentum in GeV/c, Figure 5 compares
B obtained using Eq, 2 with experimental values of B obtained by Gibbard ’
et al.® for p+pand n + p collisions.
In Eq. 1, A is a normalization constant, the magﬁitude of which is
not essential to the determination of the center-of-mass scattéring angle.
The cosine of the center-of-mass scattering angle was detefmined

by random sampling through the expression

cos & _ =1+ (2k28)7! an{1 - R[1 - exp(-2K2B)]}

where R is a random number between 0 and 1. Assuming a uniform distribu-
tion in the azimuthal scattering angle of the collision products and using
the transformations from the center of mass to the laboratory system, the

number of particles scattered at an angle © vs the scattering angle

lab
can be obtained, The probability per steradian predicted at the

]
lab

selected angle of scatter for incident 3.5-GeV neutrons vs the cosine

of the scattering angle is shown in Fig., 6, The histogram is taken from

experimental data cited in ref., 4 and is normalized to the calculated

data. Thé scatter observed in the calculated data arises from statistical

variations.

kC. ‘Nonelastic Nucleon-Proton and Pion-Proton Collisions

Up to the present time, the best data available for predicting p + p
nonelastic events at high energies (3 10-20 GeV) have been the analytic
fits of Ranft and Borak.’ These fits, obtained from available experimen-
tal data, provide fairly reliable estimates of the double differential
cross sections for the production of nucleons and pions from 10- to 20-GeV
p + p collisions. No provision is made, however, for estimating the pro-

duction of nucleons and pions from charged-pion-proton reactions. In the
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calculational method described here, the analytic fits obtained by Ranft
and Borak have been adapted to estimate nucleoﬂ and pion production from
proton-, neutron-, and charged-pion-proton collisions.

For each collision event and for the average of many events, energy
and nucleons are conéerved, and a reproduction of the spectrai shape is
preserved over an angular interval from O to 45°, Standard saméling and
storage techniques that can be employed to consérve these quantities are
utilized to obtain the secondary particle type, energy, and directioﬁ
cosines that result from a specified collision,

The spectra of secondary protons from p + p nonelastic collisions

are given by Ranft and Borak using the relation’

2
x|} A; AP P P 2
== =l —l1+ /14 |2 -=2/1+ |—
drdQ P 2 m P m
prot o Po P P
: | < 3)
' - P |2 PP
xp2 x {1+ /1+ ;g - ——————————E—-exp(- A3P202),
Pl o2 A+ |2
\ P mP
where
P0 = incident nucleon momentum (GeV/c)

P = emitted nucleon momentum (GeV/c)
m_ = proton rest energy (GeV)
6 = angle of emission of secondary nucleons (fad)
Ai; i=1, ?, 3 constants which define the target particlé.
For protons, A; = 0.885
A, = 0,101

A3 = 4,256,
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Charged-pion production from p + p collisions is given by the Ranft-

Borak distributions through the formula

d2N

P -
e = 2 e ,/ 2
dpan| = AP .exp -Ay A3P POB

P
o]

(%)

2 2
+ Ay %—-exp - As{%—] - AgPB| ,
o o

where P and Po are the momenta of the emitted charged pion and incident

nucleon, respectively. The coefficients Ai’ i = 1-6, are

Ay Aj - A3 Ay Ag Ag

x 3.386 4.146 4.556 7.141 9.60 4.823

*  3.386  4.146  4.556  1.853  9.60  4.823

In using the distributions given by Eqs. 3 and 4, several assumptions
were made independently of the incident particle type. It was assumed
that sin6d® could be approximated by 6d6 when the equations were integrated
over the angular interval to 45°, Particlés at angles wider than 45° were
taken to be isotropic with v 37 of all parFicles allowed to be emitted at
these wider angles and with the added restriction that these particles
carry no more than 107 of the incident particle_energy. Further assump-
tions attendant to nucleon and pion productions are summarized as follows:

p + p collisions

The double-differential cross sections and particle multiplicities for
secondary protons and charged pions are obtained directly from Eqs. 3 and
4. The distribution of secondary neutrons produced in p - p collisions

is given by8
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d?N _ 2 - Vprot d2N R
3
dpdd neut Vprot dPd@| ot

2 R . . ) .
when d N/deQlprot is given by Eq. 3. The proton multiplicity, vprot’

- 2
is obtained from vprot ff(d N/dPéQIprot)deﬂ. For LIS production, the

distribution is given by

a2N | _ Vno g2y |R
dPdQ| o - v_y dpde| +
n m T

where (AZN/deQ)li+is giveﬁ by Eq. 4. V.o is the w° multiplicity determined
from energy conservation. It was observed that V.o gées negative at
v 14 GeV. Therefore, the energy imparted to nucleons according to the
Ranft-Borak distributions a£ each energy was linearly reduced from 100%
at 18 Gev to 75% at 3 GeV for p + p~- and n + p-type collisions.
The secondary proton spectra from 3-GeV p + p collisions predicted
by the Lindenbaum-Sternheimer isobar model® are compared in Fig. 7 with
‘the results obtained using this method. The data are for secondary protons.
emitted into the angular interval fﬁom 5° to 17.5°. The valléy in the
Lindenbaum-Sternheimer distribution at ~ 1200 MeV/c arises from the angular
distribution for particle p;oduction imposed in the calculation leading
to these data. Comparison of experimentally obtained results with the
distribution predicted by the isobar model shows reésonable agreement.
The results obtained using the method described here are at best favorable.
ﬂ+ spectra obtained using this method (but not shown here) are in godd

agreement with the Lindenbaum-Sternheimer results, However, for m and 7°

spectra the results are less favorable. The T spectra are overestimated

and the 7° spectra are underestimated,
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n + p collisions
L ]
For n + p collisions, the proton and neutron multiplicities were

taken to be the same; i.e., Vv =

v = 1. The secondary nucleon
prot neut

distributions were then obtained using

d2N R

drdQ - dPde v_ dPdQ

_ 42N l _1 4%
prot P prot

I neut

The secondary charged- and neutrél-pion distributions were obtained in
the same manner as for p + p collisions. The sgcondarykneutron spectra
from 3-GeV n + p collisions obtained using the Lindenbaum-Sternheimer
isobar calculatioa and this method are compared in Fig. 8. The agreement
between the data is acceptable for the lower energy limit at which the
equations will be applied. .

+
m 4+ p collisions

+ , . '.
For = + p collisions, the secondary particle distributions are given

by
. B
d2N l UL vk g R
dPda| 4 Vot deQ|"+ |
and
(5)
42N _ 0.5 a2y |®
= ’
. dpde prot or neut Vot dPAR] g
i =1
where the proton and neutron multiplicities are given by vprot Voeut =3¢

In these equations, the appropriate rest mass values must be included in
. ) + -
the calculation of the incident 7 momentum and the secondary nucleon

momentum.



18

5 . ORNL-DWG 71-12867
| | l !
3-GeV n+p o
NEUTRON=EMITTED PARTICLE
2 }—— ANGULAR INTERVAL=5 TO 17.5°
10-3 ~—THIS CALCULATION
P
] L; P it ) W o e
5 | - .f-—l i TP |
t _'_| - e d
¢ : i
o , H
> 2 ; '
= | '
< — '
o 10~4 : l
g LINDENBAUM~-STERNHEIMER=]" ;
> r.‘ - {.1
2 5 i I
1
! |
| !
1
2 H ]
|
|
10~5 i
. 1
0O = 600 1200 1800 2400 3000 3600 4200
- MOMENTUM (MeV/C)

Fig. 8. Secondary Neutron Spectra From 3-GeV n + p Collisioms.



19

Secondary m -meson spectra are obtaiﬁed directly from Eq. 4. The

° . .
T spectraswere obtained using

a2y | _ Vpo a2y |R
dPdQ| o v_, dPdQj +
L m n
where, as before, Vﬂo’ the 7° multiplicity is derived from energy conser-
vation.
+ ' + . ’ A ..
The 7 spectrum from m + p collisions at 2.5 GeV is compared in
Fig. 9 with the spectrum given by Lindenbaum and Sternheimer. The agree-
ment of the data for emitted ﬂ+ at 2.5 GeV is rather poor, although not
entirely unexpected. The present method severely overestimates the pion
production at this energy and angular interval.

T + p collisions

The secondary paftiéle distributions for these reactions are obtained
using expressions of the form given for w+ +p collisiﬁns with the signs
of the charged pioné appropriately reversed in Eq. 5. The production of
n+;mesons is given by Eq. 4. Typical results are given in Fig. 10. The
agreement is also not favorable for these data.

Comparisons at Higher Energies

Particle spectra predicte& by this method at energies of % 3 GeV are
not in particularly good agreement with the results predicted by Lindenbaum
and Sternheimer. However, as the reaction energy increases, the Ranft-
Borak distributions more accurately reproduce experimental results for:

p + p collisions. . Comparison between the analytic fits of Ranft and Borak
and the proton spectrum predicted by this calculation is shown in Fig. 11
for p + p collisions at 50 GeV. The angular interval over which the Ranft-

Borak distributions are averaged is 0 to 10 mrad. The disperéipn in the

\
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histogram data is frbm statistical variations. Similar results are shown
in Fig. 12 for the n+vspectra from 50-GeV p + p collisions.
III. CALCULATIONAL PROCEDURES FOR OBTAINING NONELASTIC
DIFFERENTIAL CROSS SECTIONS

Figure 13 is a schematic diagram of the sampling and storage procedures
used to obtain the nucleon and pion distributions described here. Entry
into the.package is through calling arguments in HETC. !

Each entry into the prograﬁ package sets up tables of the particle
multiplicity from which the particle type is selected. 1If the particle
is not used, or if there is an excess of particles from particle conser-
vation, it is stored in a (primary) table which may be referred to iﬁ
subsequent entries into the program. The remaining parts of the program
are accounting proéedures for assuring nucleon and energy conservation.

It should be noted that the calculational procedure willAwork above
1 TeV. However, the storage tables do not store secondary particles pro-

duced by incident particles with energy > 1 TeV.
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